For investigation of main and interactive effects of six experimentally controlled environmental factors on phenol biodegradation in a shake-flask system, a largely neglected statistical procedure was applied. A major benefit resulting from the application of the orthogonal, fractional factorial design is that the number of experiments necessary to evaluate multifactor interactions is limited. In our investigation, the required number of experiments was reduced to 81 from the 324 necessary with conventional factorial designs; information was sacrificed for only 3 of 15 possible two-factor interactions. Six experimentally controlled factors were investigated at two or three treatment levels each; the six factors were (1) amount of phenol substrate, (2) amount of bacterial inoculum, (3) filtration of inoculum, (4) type of basal salts medium, (5) initial pH of basal salts medium, and (6) flask closure. Significant main effects were found for factors 1, 2, and 4; whereas significant interactive effects were found only for factor 2 with factor 3 and for factor 2 with factor 5. Our results suggest that the application of these statistical designs will greatly reduce the number of experiments necessary to evaluate multifactor effects on degradation rates during optimization of both hazard screening systems and waste treatment systems.
An important problem in evaluating the fates of chemicals in aquatic ecosystems is the influence of environmental or experimental factors on microbial degradation rates. Such factors influencing degradation rates include the bacterial inhibition by the test compound (6, 8) , the number and physiological state of bacteria as a function of nutrients (9, 15, 18) , and the seasonal state of bacterial development (2) . Interactions among these and other factors can cause wide variations in degradation kinetics. Analyzing the influence of each factor on realized degradation rates can be very complex when two or more factors are influencing degradation. With conventional factorial analysis, the number of experiments required to test the effects of even four or five different factors is prohibitive for routine screening of chemicals.
The purpose of this paper is to demonstrate the use of an orthogonal, fractional factorial design to evaluate the effects of six environmental factors on experimental degradation rates. Fractional factorial designs allow testing of a number of factors and their interactions simultaneously with a substantial reduction in the number of individual experiments (experimental runs) required, but without loss of important information (3, 4) . The example that we present analyzes effects on the maximum degradation rate for phenol, a known biodegradable compound (12, 16) Table 1 shows the treatment levels applied for each of the six selected environmental factors used in our experiments. Included are the codes which correspond to each treatment level. These codes are again used in Table 2 to indicate the level for each environmental treatment assigned to each of the 81 flasks. The experimental flasks were randomly assigned the sequence numbers 1 to 81 and then, in the order of these sequence numbers, were divided into nine sets of nine flasks each. Over 5 succeeding weeks, these nine experimental sets were completed at two per week for 4 weeks, and the ninth set was completed during week 5. Sterile controls were run each week to estimate the influence of photochemical reactions or volatilization on the disappearance of phenol from the flasks.
The bacterial population used for the experimental inoculum was collected from an oil refinery settling pond near Sinclair, Wyo. A mixture of 4 liters of water and 2 liters of sediment was allowed to settle for 15 min before 200-ml samples of the supernatant were dispensed into 250-ml Teflon-capped flasks, which were then stored in darkness at 40C. Each flask of supernatant supplied the inoculum for one set of nine experimental flasks.
The pH of each BSM solution ( Samples were analyzed for residual phenol with a high-performance liquid chromatograph by using as the elution solvent either MeOH-water (60:40) or CH3CN-water (50:50) at 2 ml/min through a 30-cm, u-C18 reverse-phase column and an ultraviolet detector at 254 nm. Ten-microliter subsamples were injected usually immediately after preservation, but always within 12 h. The concentration (milligrams per liter) of phenol in the sample was determined by measuring the sample peak height and comparing it with a standard curve which was prepared daily.
Maximum degradation rate determinations. The phenol concentration values from the high-performance liquid chromatograph analyses were converted to percentages of initial concentration for each experiment. These values were then plotted as a function of elapsed time for the respective experiments (see Fig. 1 ). For each of these plots, two characteristic intervals were apparent, a lag or induction period (2) and a maximum degradation period. For each experiment, the duration of these periods was estimated by inspection. Using least-squares regression analysis of the second interval, we estimated the maximum degradation rate which occurred in each of the 81 experiments.
Orthogonal, fractional factorial design. The experimental design for the 81 treatment combinations (Table 2) came from the extensive set of tables for fractional factorial designs ptepared by Connor and Young (4). In our particular experiment, three twofactor interactions were thought to be unimportant and consequently were excluded in the design. These interactions were flask closure with inoculum filtration, flask closure with BSM, and inoculum filtration with BSM. The remaining 12 two-factor interactions and all main effects were tested.
We assumed the magnitude of all three-factor and higher-order interactions to be negligible when compared with main effects and two-factor interactions. Environmental factor main effects. The SPSS BREAKDOWN package (11) was used to calculate the mean maximum degradation rate from the maximum degradation rate determined for each flask for each treatment level of each environmental factor.
Consequently
The effects of factor interactions in the experimental flasks were removed during the calculation of these means because of the orthogonal design. Mean degradation rates were then plotted as a function of each of the six experimental factors (see Fig. 2 ). A horizontal relationship among datum values on such a plot qualitatively indicates no difference in maximum degradation rates for the treatment levels tested.
Environmental factor interaction effects. Mean degradation rates for each pair of treatment levels (e. g., 1 ml of bacterial inoculum and 100 mg of phenol substrate per liter) were calculated with the BREAK-DOWN program for the 12 pairs of environmental factors having testable interactions based on the statistical design that we used. The orthogonal design of a fractional factorial analysis removes influences of factors other than the pair of interest during the calculation of sample means. Once computed, the means for each of the 12 pairs of interacting factors were plotted to qualitatively determine which testable interactions might have significant influences on maximum degradation rates (see Fig. 4 ). Each plot resulted in a graphical representation of two or three datum sets, depending on the number of treatment levels included in the environmental factors being compared. When the plots of the datum sets are parallel, there is an indication of no interaction between the pair of environmental factors. Nonparallel plots indicate probable significant interactions.
Determination of statistical significance. Whereas plots from SPSS BREAKDOWN analyses qualitatively indicate whether maximum degradation rates were influenced by variation in treatment levels for environmental factors and by factor interactions, any observed differences may or may not be statistically significant. To test for statistical significance, we used the SPSS REGRESSION program (11) . The terms used in the regression model included an intercept term, a linear term for each environmental factor having three treatment levels, linear and quadratic terms for factors having three treatment levels, and cross products of these terms corresponding to the testable environmental factor interactions. In the regression analysis, each term was subjected to an Ftest for significance. It should be noted that the sums of squares are statistically independent, again because of the orthogonal design. Both linear and nonlinear quadratic effects were tested in the model because a quadratic effect may be significant even though the linear effect is not. All main, environmental factor effects were retained in the regression model for discussion, as were interaction effects for which one or more of the corresponding terms were significant. c1 media contain ferrous iron, and both had significantly faster phenol degradation rates than the low-iron LHD medium (0.1 mg of Fe per liter). However, the concentration of iron in V&D medium may have been high enough to inhibit bacterial growth, resulting in a lower maximum degradation rate than that observed with R&V medium. Thus, although several components differed among the media (Table 3) , ferrous iron concentrations might have been an important factor affecting the maximum phenol degradation rates in our experimental media. Apparently, the R&V medium contains a more optimal iron concentration for phenol degradation.
RESULTS AND DISCUSSION
Increasing the amount of bacterial inoculum caused a significant linear increase in the maximum degradation rate (Table 4 ; Fig. 2b ). This can be explained simply: when larger bacterial populations are initially present in the inoculum, -3 . was increased from 100 to 400 mg/liter, the maximum degradation rate was reduced (Fig.  2a) , suggesting bacterial growth inhibition.
The type of BSM significantly influenced the maximum degradation rate of phenol in the order R&V > V&D >> LHD (Table 4 ; Fig. 3a) , with R&V modified from Ralston and Vela (15) and V&D and LHD modified from Rodina (17) . Kostyaev and Baronkina (9) maintain that bacterial activity for degrading phenol under otherwise equal conditions depends on the concentration of biogenic elements (e.g., nitrogen and phosphorus) in the media. Even though LHD and V&D media contained the highest nitrogen and phosphorus concentrations, the highest mean values for maximum degradation rates were observed in the R&V medium. Ralston and Vela (15) faster substrate consumption rates will result (9) .
Two factor interactions significantly affected the maximum rate of phenol degradation. The signiflcant interactions were the amount of bacterial inoculum versus the initial pH of BSM and the amount of bacterial inoculum versus the inoculum filtration (Table 4 , Fig. 4 ). The effect of pH was not significant for 1 ml of bacterial inoculum, as indicated by the flat plot for the 1-ml inoculum level in Fig. 4a . Maximum degradation rates observed at this inoculum level were low compared with those observed at 5-and 10-ml inoculum levels (Fig. 2b ). There were significant interactions between the inoculum amount and pH when 5 and 10 ml of bacterial inoculum were used with the specified pH values and pH values 1 unit below those specified. This significant interaction is indicated by the crossing of plots for 5-and 10-ml inoculum amounts in Fig.  4a . With the specified pH, faster degradation occurred with 5 ml of inoculum, but at values 1 pH unit lower, the 10-ml inoculum level yielded greater rates. We know of no reason for this interaction. At all inoculum levels with a pH 1 unit above that specified for BSM, similar degradation rates were observed.
Whereas inoculum filtration did not have a significant main effect on the maximum degradation rate, there was a significant interaction between inoculum amount and inoculum filtration (Table 4) . This significant interaction is indicated by the crossing of plots in Fig. 4b .
Whereas the unfiltered inoculum yielded a faster mean degradation rate when 10 ml of inoculum was used, the filtered inoculum had a more rapid degradation rate with 1 or 5 ml of bacterial inoculum. The lower rates of maximum degradation observed with 1 ml of unfiltered inoculum compared with 1 ml of filtered inoculum could indicate substrate competition of other organic compounds with phenol, but if substrate competition was the sole cause of the reduced degradation rates, one would expect even lower rates with higher concentrations of competing substrates in the 5-and 10-ml inocula, a response which was not observed. If, however, the surface area available for bacterial growth had a simultaneous, opposing, and somewhat stronger effect than did organic substrate competition on determining maximum degradation rates, one would expect an increase in the degradation rate with increasing concentrations of unfiltered inoculum, as observed. Until filtration, the bacterial inoculum contained enough suspended particulates to make it quite turbid, and filtration resistance increased noticeably due to the filter clogging at inoculum volumes greater than 5 ml. Therefore, the faster degradation rates found with the unfiltered 10-ml inocula compared with the filtered 10-ml inocula may have resulted from removing surface-area-supplying sediments or numbers of bacteria from the inocula. For a clear identification of the reason for the interaction between inoculum amounts and inoculum filtration, additional experiments are required; without them, the interaction remains confounded.
Based on the statistical analyses (Table 4 ) and the inspection of main effect and interaction plots (Fig. 2 to 4) , we can define the shake-flask system which provided the maximum degradation rate. It included 200 ml of a modified R&V medium (15) , 100 mg of phenol substrate per liter, and either 5 or 10 ml of bacterial inoculum from an oil refinery settling pond. With a 5-ml bacterial inoculum, the optimal initial pH of the medium was 7, and with a 10-ml inoculum, an initial pH of 8 was most effective. The inoculum need not be filtered if it is allowed to settle for 15 min before inoculation. Flasks may be either screw capped or cotton plugged and incubated at about 28°C on a gyratory shaker at 100 rpm In this paper we demonstrate the use of an orthogonal, fractional factorial design, coupled with other statistical procedures, to determine optimal conditions providing maximum degradation rates for phenol. This study was undertaken as part of our effort to develop a biological screening system for effluents from advanced fossil fuel processes. However, we feel that the usefulness of such experimental designs to microbiology is not limited to proposing and testing new hazard screening or biological treatment systems. In studies in which an analysis of the effects and interactions of many experimental treatments is required and in which it is also possible to sacrifice a small amount of this information, an orthogonal, fractional factorial design should be strongly considered for the experiment. This design maximizes the amount of information about the experiment and substantially reduces the number of experimental units required for analysis. Another example applying fractional factorial designs to biological problems has recently been published (14) , and general discussions on the use of this statistical tool can be found in many statistics texts (3, 5, 10, 13) .
